Nonresonant explanation for the 7(4260) structure observed in the e+e J/i^n'^n process 
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In this work, we proposed a nonresonant explanation for the }'(4260) structure observed in the e^e" — > 
Jjif/n'^TT' process, i.e., y(4260) is not a genuine resonance. Our result indicates that the y(4260) structure can 
be reproduced by the interference of production amplitudes of the e^e" — > J/if/TT^n" processes via direct e^e^ 
annihilation and through intermediate charmonia i/'(4160)/i^(4415). Besides describing y(4260) line shape in 
e^e" — > Jjij/n^n^ well, such a nonresonant explanation for the y(4260) structure naturally answers why there is 
no evidence of y(4260) in the exclusive open-charm decay channel and i?-value scan. 
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I. INTRODUCTION 

In the past seven years, different experimental collabora- 
tions have announced many charmoniumlike states X, Y, Z. 
Among these observed charmoniumlike states, F(4260) is the 
first structure reported in the e^e^ — » J/tfrn^n^ process (Hi 
at BaBar. Later, both the CLEO Collaboration and the Belle 
Collaboration confirmed 7(4260) in the e^e^ — > J/iffTr^n^ 
process 10-01 ■ Although CLEO found the first evidence for 
7(4260) J/i//K^K-^, Belle indicated that no significant 
signal for 7(4260) -> J/i//K^K' was observed Si. Since the 
production of 7(4260) occurs via the e^e^ collisions with ini- 
tial state radiation, its spin-parity quantum number must be 
j'''" = 1 . The mass and width of 7(4260) from different 
experimental measurements are listed in Table H 



TABLE I: The measured mass and width of }'(4260) by BaBar, 
CLEO and Belle. 



Experiment Mass (MeV) Width (MeV) 
BaBar |T] 4259 ± 8+^ 88 ± 23!^ 
CLEO [J| 4284+]^ + 4 73^11 ± 5 

Belle [4] 4247 ± 12+^^ 108 ±19+10 

Average \6} 4263!^ 95 ± 14 



Since the J/t/zn^n^ invariant mass spectrum is not only pro- 
duced by the e^e^ annihilation but also by B meson decay, the 
BaBar Collaboration tried to find 7(4260) by analyzing the 
J/t/zn^n^ invariant mass spectrum from B meson decay |71. 
However, BaBar did not find any evidence for 7(4260) 1711. 
Additionally, no evidence for 7(4260) was observed in the 
exclusive open-charm process ifs UTill and 7?-value scan from 
the BES Collaboration ifisll . 
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The observation of 7(4260) has stimulated theorists' ex- 
tensive interest in understanding the underlying structure of 
7(4260). Just because of the peculiar property of 7(4260) 
revealed by experiment, i.e., 7(4260) is observed only in its 
hidden-charm decay channel and is not found in the exclu- 
sive open-charm process, theorists have proposed different 
exotic explanations for the structure of 7(4260), which in- 
clude a charmonium hybrid lfl6l - [l8ll . the first orbital exci- 
tation of a diquark-antidiquark state ([csljcs]) [fl9ll . a XcOP^^ 
molecule luOll. an a>Xci molecular state [|21il . a A^Ac baryo- 
nium stat e ll22ll . the P-wave i[cq]s=Q[cq]s=Q)p-wave tetraquark 
state ll2ll24ll. a DiD or DoD* molecular state iHUll, a 
J/if/KK three-body system [|27ll . charmonium hybrid state 
with strong coupling with DDi and D*Dq JUtl, and a 15 state 
of a DiD* molecule [|29il30ll . However, we note that the lack 
of signal in certain channels also poses a serious challenge to 
a number of the explanations proposed in the framework of an 
exotic state. 

Besides explaining 7(4260) as the exotic states just sum- 
marized above, theorists have also tried to categorize 7(4260) 
in the charmonium family. In Ref. ifsill . the possibility of 
7(4260) as 1/^(4260) corresponding to the low member of the 
pair 45 - 3D vector charmonium was discussed. Eichten et 
at. indicated that 7(4260) cannot be interpreted as a conven- 
tional charmonium since the predicted total decay width and 
the partial decay width into a charm meson pair are not con- 
sistent with the experimental data if assuming 7(4260) as the 
2^Di cc state ll32ll . Later, the result of the mass spectrum in 
Ref. iHl also shows that it is difficult to put 7(4260) into 
a conventional cc state. The study of the mass spectrum of 
charmonium using a screened potential indicates that the mass 
of (/'(45) is consistent with that of 7(4260) H- At present, 
the main challenge of 7(4260) as a conventional charmonium 
is that we must answer why there is no evidence of 7(4260) 
in the obtained open-charm process lIs UTill and 7?-value scan 
ifTsll . where the charmonia above 4 GeV should mainly decay 
into a charmed meson pair 

Although theorists have discussed the structure of 7(4260) 
under the framework of exotic states or conventional char- 
monium, recently a nonresonant explanation for 7(4260) was 
suggested in Refs. lIssl - ijTll . where 7(4260) is not a genuine 
resonance but rather a phenomenon connected with the open- 
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ing of the D*5* threshold and the couphng to the 7/i^/o(980) 
and Jlipcr channels IssljjTll . 

At present, the key point of understanding the 7(4260) 
structure is that we must give a definite answer to explain why 
y(4260) is only observed in its hidden-charm decay channel 
and is absent in the observed open-charm decays. In addi- 
tion, we should try our best to reveal the properties of 7(4260) 
by exhausting different possibilities under the conventional 
framework. 

In this work, we propose a nonresonant explanation for the 
7(4260) structure observed in the e^e" — > J/t/zn^n^ process. 
In general, the e^e^ — > Jj^n^ji^ process occurs via two mech- 
anisms. The first one is the direct production of e^e^ — > 
Jlij/ji^n'' depicted in Fig. ^s), where e^e^ — > J/iffn^n^ di- 
rectly occurs without any intermediate charmonia. The sec- 
ond one is the intermediate charmonium contribution to the 
e^e" — > Jl^n^n'' process, which is shown in Fig. [Ub). Thus, 
we investigate whether the interference effect between the am- 
plitudes resulting from the above two mechanisms is related 
to the 7(4260) structure, which we will present in detail in the 
next section. 

This work is organized as follows. After the Introduction, 
we illustrate the production of e^e^ — > J/tlm^n^ under two 
mechanisms. In Sec. |III1 the numerical results are given and 
compared with the experimental data. The last section is the 
discussion and conclusion. 



II. THE PRODUCTION AMPLITUDE FOR THE 

e+e- JlilJTX^Tt- PROCESS 

In this section, we illustrate how to obtain the production 
amplitude of the e^e" — > Jj^n^ji^ process. As shown in Fig. 
[T] there exists direct production of J/t//7T^n^ by the e^e" anni- 
hilation, which corresponds to Fig. The virtual photon 
from the e^e" annihilation directly couples with Jlijjji^ji^ . 




Jli, 




(a) 



ib) 



FIG. 1: (color online). The diagrams relevant to e*e^ — > J/tf/n^n^ . 
Here, Fig. 1(a) corresponds to the e^e" annihilation directly into 
J/if/n'^n^. Figure 1(b) is from the contributions of intermediate char- 



For writing out the decay amplitude of Fig. [Ua), one con- 
structs the production amplitude to depict the direct produc- 
tion process of e^e" Jjij/ji^ji^ 



M, 



NoR 



■ gNoRu{-ki)ey^u{k2)-^^ji^{ki) Tnor{s) 



(1) 



where the form factor 'Fnor{s) 116111 is introduced to repre- 
sent the 5-dependence of J/i/zn^n^ production directly via the 
e^e^ annihilation, which can be represented as TNoRis) — 



exp i^-a{ ^fs — Yi ff^f)^) with Yjftnf as the sum of the masses 
of the final states for e^e" J/iI/tt^tt^. In Eq. (HJ, one intro- 
duces two parameters a and the coupling constant §noR- 
is the energy of the center of mass frame of e^e^. ki, k2, ks 
correspond to the four momenta of e^, e", J/i//, respectively. 
q — ki + ki. 

Besides the e^e" annihilation directly into Jjilin^ji^, an- 
other important production mechanism of e^e^ — > Jjilin^ji^ 
is through the intermediate charmonia, which is shown in Fig. 
[TJb). As indicated by the analysis of the ;7r+7r" invariant mass 
spectrum of e*e^ — > Jj^n^ji^, tt^tt" is from intermediate 
scalar states cr and /o(980) |[T[|. Thus, the process of e^e^ — » 
cc — > J/tlm^n^ can be simplified as e^e~ ^ cc — » J/iIrS, 
where S denotes the scalar states cr and /o(980). 

In the following, we need to depict the interaction between 
the cc state and J/il/S (solid [red] point shown in Fig. [lib), 
where the hadronic loop effect can play a crucial role, which 
was proposed as an important nonperturbative QCD mecha- 
nism to calculate the open-charm and hidden-charm decays of 
charmonium IBSl [331 or a charmoniumlike state jWC 




(c) 



(d) 



FIG. 2: The typical diagrams relevant to charmonium interacting 
with J/ifiS via the charmed meson loops. 

Under the hadronic loop mechanism, the detailed descrip- 
tion of charmonium coupling with J/4)S is given in Fig. 
[2] The hadronic loops are constructed by charmed mesons, 
which provide a bridge to connect the intermediate charmo- 
nium and the J/i//S final state. 

For writing out the decay amplitudes corresponding to the 
diagrams in Fig. [2l we use the effective Lagrangian of vector 
charmonium interacting with the charmed meson pair 1431 - 



r 



= ig.^^^.id^'DD^' -Dc^n'), (2) 
- -g,,:,s>''"''d,ifr,{d,D;DUDd,D;^), (3) 

+D*^Wd,2):' - (4) 
and the Lagrangian of scalar state [cr or /o(600)] coupling with 

£)(•) £)(*) 



(5) 
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where D = (D°,D-,D-) and (D^f = (D°,D^,D^). The 
coupHng constants involved in this work will be presented in 
next section. 

Thus, the obtained decay amplitudes for the diagrams in 
Fig. |2]read as 

o f d'^q u 

1 



2 2 



2 2 2 ^-rhn^j^q^W^^is), (6) 



Mh = (0- 



■gj/i/iD'OSSTBiliiiPi 



x[-gj/^D'DesTe^(ipi)e]//-ip'i)][goos^ 



2 2 

P i - K- 



P~2 -'^d1- '"d 



xr'(m'^,q')T^'''{s), 



(7) 



i-g^DDSt^vaf^i-ipO^^^iip")] 



x[-gJ/,l,DDS6Te<i,(ip3)e],Jiq'')] [-g„^.^] ^ ' -> 

P i - 

^22 T 2 



(8) 



, r d q u 
" '''^ j J^^~'S>/>D'D'e;f,((ip2,,-ipi^gvp) 

+{-ipop - ip2pgtiv) + {ipiv + ipQvg,ip))] 
xl-igj/^D-D-ej/^ii-ipi^ - iq^)gap + {ipip + ip\p)ga,p 

+{iqa - ipio)gp>i,)][-gi,.n.s]- 



2 2 

Pi - rrijj. 



-g" + plpllml.-gP- + qPq^lml, 

^22 22 
Pi - '"d- T - 

xrHml^q-W^'^'is), 



(9) 



where T{m^^, q^) - (A^ - mf)/{Al - q^) denotes the monopole 
form factor adopted in this work, which not only compensates 
the ofF-shell effect of exchanged meson but also describes the 
structure effect of the interaction vertex. Parameter A„ can be 
parametrized as A„ = I3„Kqcd + '«/ with Kqcd - 220 MeV 
and the mass m,- of exchanged charmed meson, where n in the 
subscript of y6„ is introduced to distinguish different /? values 
for different charmonium transitions cc — > J/i//S. Dimension- 
less parameter yS„ = 1 ~ 3. In addition, when we calculate the 
e^e" — > cc — > J/if/S process, we need to introduce another 



form factor to the interaction of the charmonium with D^*^D^*^ 



exp[-af'«'-|p1(«^,«4„'«^,.,)P]' 



(10) 



which not only reflects the \pi\ dependence of the charmo- 
nium interacting with D^*^D^*\ but also represents the cou- 
pled channel effect summing up all the bubbles from the 
charmed meson loops llsoll . Here, |/?i(M^, ;7z^,.), m^,„)| = 
[/l(M^, m^(„, m^(,))] '/^/(2M) is the three-momentum of the in- 
termediate charmed mesons in the center of the mass frame of 
intermediate charmonium with the Kallen function A{a, b, c) = 
+c~ - lab — 2ac - 2bc. In the section on our numerical 
result, we will illustrate how to determine parameter *' 

in detail. 'F'F''^^''\s) is normalized as 1 when s - m^. 



The total transition amphtude of (cc) 
cr, /o(980)) is 



J/tfrS {S = 



M[(cc) ^ J/i//S] = 2(M„ + Mb + Mc + M/)- (11) 

Since the hadronic loops constructed by charge or neutral 
charmed mesons can contribute to the (cc) — » J/if/S transi- 
tion, the factor 2 is introduced. Equation (fTTT i can be further 
simplified as two independent Lorentz structures 

M[(cc) J/i//S] = e^e'j^^igAg^vPji^ ■ ps + gBPji,t^Psv), 

with two introduced coupling constants and gg, which are 
obtained by evaluating hadronic loop contributions in Eqs. 
(|6]l-(|9|l. Here, and ej/^ are the polarization vectors of (cc) 
and J/ 1//, respectively, ps and pj^^ are four momenta carried 
by scalar state and respectively. With the above prepa- 
ration and considering the vector meson dominance (VMD) 
mechanism ifsil [52ll for y (cc) coupling, we can write out 
the general amplitude of e^{ki)e^{k2) — > J 1 4i{kf,)n^ {kT,)ji^ {k^) 
via the intermediate charmonia 



M^^s = u(-ki)eyu{k2) 



-giiy 



(ki + ki)^ (ki + kif -mj + im^T^ 

^JI^gAgyph ■ (h + k4) + gBksvihp + ^4p)] 



gSn 



(k3 + k4)^ - m\ + imsrs 



(12) 



where is the decay constant of intermediate charmonium 
cc. gsnn denotes the coupling constant of scalar state interact- 
ing with dipion. 

We notice that the 7(4260) structure is just sandwiched be- 
tween i/'(4160) and i/'(4415), which stimulates us to further in- 
vestigate whether the interference effect of direct production 
amplitude MnoR and the production amplitude M^^s from 
the intermediate charmonia (^(4160) and i^(4415) can repro- 
duce the 7(4260) structure in e^e" Jjij/ji^n^ . Thus, in 
Eq. ([HI we set ijj ^ {t]/i ^ i/r(4160), lA^ = i/'(4415)) and 
S ^ [cTjoOm)). 
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The total amplitude for e^e — > J/i/zn^n is described as 

= Mnor+^^, (13) 

where we introduce phase angles <pi, <p2, 4's- Generally speak- 
ing, the phases between different Feynman diagrams are fixed 
and not arbitrary. However, there maybe final state interac- 
tions which generate different phases among the different di- 
agrams because the momentum flow is different. Hence, it 
is permissible to parametrize our "ignorance" of these inter- 
actions with an arbitrary phase to be fitted as is done in Eq. 
(fTJl i. Observables are calculated by summing the amplitudes 
and squaring. Therefore, observables depend on the sum of 
the squared ampHtudes {\MnoR?', l-^^iP, \^ip-,?') and cross 
terms (2R&{J[^,Ml„^), 2Re(yi^,M;^„^), 2Re(^^,J?i;j). The 
dependence of the observables on the cross terms reflects the 
interference ofproduction amplitudes of the e+e" — » ]j\pTi^Ti' 
processes via direct e^e' annihilation and through intermedi- 
ate charmonia (/'(4160)/(A(4415). 

In the next section, we give the relevant numerical result. 

III. NUMERICAL RESULT 

The couplings of can be obtained in the frame- 

work of heavy quark limit IH]. Since i^(4160)/iA(4415) 
is above the threshold of a pair of charmed mesons, thus 
the coupling constants between i/'(4160)/iA(4415) and the 
charmed mesons can be evaluated by the partial decay width 
of i/r(4160)/i/'(4415) 01 ■ The determined cou- 

pling constants of y/i/r, 1^(4160) and i/'(4415) coupling with 
£)(•)£)(•) listed in Table The other coupling constants 
relevant to the calculation include g^^^ = S.u-D'a - ^f^oga- 
and SoDfy = go'D-fy = 2 ^/imoga- with go- = gK/{2 V6) and 
g„ = 3.73 iH. g^,, = -0.02 + 0.002 MeV"' and gf„„„ = 
-0.00354 + 0.0017 MeV ' are taken from Ref. iH]. 

TABLE II: The coupling constants for J/ift, 1/^(4160) and i//(44l5) 
coupling with and the values of a"'""'" in Eq. dlOt for dif- 

fernet open-charm channels. The coupling constants of if/DD* are in 
unit of GeV"'. 





Coupling constants 


(GeV-2) 




J/i/i 1/^(4160) 1/^(4415) 


i/'(4160) (/'(44I5) 


DD 


7.71 1.86 0.21 


0.70 0.45 


DD' 


8.64 0.10 0.13 


1.20 0.70 


D'D' 


7.71 1.50 0.42 


2.20 1.05 



Besides the above coupling constants used in this work, we 
need to determine the value of the parameter c^' ' in Eq. 
([Tol l, which describes the effective radius of the interaction 
between the charmonium and D^*^D^*\ Since the form fac- 
tor TI? ^ (s) in Eq. ( fTOb also plays a role to balance the 



over-increased decay rates with increased phase space iIstIi . 
we choose suitable values of parameter a^' ' for different 
open-charm channels (see Table Hill, which result in the weak 
dependence of the corresponding open-charm decay ratios of 
the charmonium on energy in e+e" — > cc — > J/tfrn^n^ 

TABLE III: The resonance parameters (in units of MeV) used in this 
work. Here, the resonance parameters for charmonia relevant to this 
work are taken from IT^ . 

nV(4i60) 4191.7 r^(4i60) 71.8 526 302 

'%(4415) 4415.1 r^(4415) 71.5 OT/„(980) 9 80 r/j,(980) 61 

In Table Hill we also show the input resonance parameters 
used in this work. In our model, we set seven free parameters 

Pu Pi, 01, 02, (f>s, gNoR, a, 

which are introduced in Sec. [Ill The fitting results of such 
parameters are listed in Table llVI where the errors and central 
values of the corresponding parameters are given. By check- 
ing the errors and the central values of the parameters, we 
notice that the obtained line shape for the J/iJ/tt^tt^ invariant 
mass is not sensitive to small changes in the free parameters. 
Here, j6i and ^62 are parameters in the form factor 'F{mj,q^) 
corresponding to 0(4160) and 0(4415). 

The main task of this work is to investigate whether we can 
reproduce the 7(4260) structure reported by the BaBar Col- 
laboration in the e^e" — > 7/0;r^;r" process jl]. The fitting 
result is presented in Fig. [3]with the help of the MINUIT pack- 
age. Here, the binned maximum likelihood fit is performed. 
The obtained values of j6, (/ =1,2) fall just in reasonable pa- 
rameter range. 

TABLE IV: The fitted parameters listed in Eq. l ll4b . 



Parameter Value (Rad) Parameter Value 



01 


0.4545 


+ 0.3535 


gNoR 


0.0967 


± 0.0280 GeV 


02 


-0.9789 


±0.5146 


a 


0.7341 


± 0.0678 GeV-2 


03 


1.5983 


± 1.0922 
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As shown in Fig. |3] the theoretical line shape obtained 
by our model can fit experimental data well. In the follow- 
ing, we present step by step how to get the theoretical line 
shape. Since lA^mrP in Eq- ( fT3] l can be separated as six terms 
\Mnor\^, 2Re(m^,M*^^,^), 2Re(^^,M;;,„^) and 

2Re{^^^^*^^), the change of the theoretical line shape is given 
in Fig. ^hy adding the contributions from these six terms 
one by one. Finally we obtain the total line shape of the 
e^e" — > J/if/7T^n^ process. 

The coupling constants relevant to the scalars cr and /o(980) 
could not be same as those adopted in this work if one were 
using different approaches to describe the structure of scalars 
or a different calculation, such as dynamically generated res- 
onance to explain scalar mesons lf58[|59ll . Our study indicates 
that such difference does not affect our fit result of the line 
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3.8 4.0 4.2 4.4 4.6 

m(J/'!' 71*11 )(GeV/c') 



FIG. 3: (color online). The obtained fitting result (solid [red] line) 
and the comparison with the experimental data (blue dots with error 
bar) measured by BaBar We also give the obtained fitting re- 
sult by adopting the dipole form for T'nor(-'>) ([green] dashed line), 
where the expression of the dipole form factor and the values of the 
parameters are collected in [61]. Here, our result is normalized to the 
experimental data. 



shape for J/ ij/ji^n invariant mass, which can be compensated 
by the changes of free parameters set in our model. 



rv. CONCLUSION AND DISCUSSION 

The experimental observation of charmoniumlike state 
7(4260) lH] has stimulated extensive interest among theorists 
and experimentalists. In the past seven years, different theo- 
retical explanations were proposed for understanding the un- 
derlying structure of 7(4260), which can be categorized in two 
groups, i.e., exotic state and the conventional charmonium ex- 
planations. 

Although there already exist many theoretical explanations 
for 7(4260), we cannot give a definite solution to the 7(4260) 
structure, which has spurred our interest in further investigat- 
ing 7(4260) under a framework different from these existing 
theoretical explanations. 

The peculiar property of 7(4260) is that 7(4260) was only 
observed in its hidden-charm decay channel JI\lm^Tf by the 
e^e' annihilation. The present experimental measurements of 
the D^*^D^*^ invariant mass spectra and R-\alue scan do not 
show any evidence of 7(4260). Thus, if we want to solve 
7(4260), we must provide a solution to explain why 7(4260) 
has such peculiar properties. 

Because the 7(4260) structure is sandwiched between two 
known charmonia (/'(4160) and (/'(4415), we proposed a non- 
resonant explanation for the 7(4260) structure. Here, e^e^ 
J/iJ/7T^n^ can occur directly via e+e" annihilation. In addi- 
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m(J/>J';[ + 7t")(GeV/c') 

FIG. 4: (color online). The line shape of the cross section of the 
e^e" — > J/tf/n^n" process dependent on ^fs = in{n*n^ J/i//). Here, 
we present the changes of the theoretical line shape by adding the 
contributions from these six terms (IAIworP, 2Re(^^, A4^^^), 

\Ji^,f, 2Re(Jl^,Mlj„i;) and 2Re(Jl^^Jl'^J) one by one. The sum 
of these six terms finally results in the total line shape of the cross 
section of the e^e" — » J/i/zn^n" process shown in the bottom right 
diagram. 



tion, the intermediate charmonia can contribute to e^e^ 
Jlijjji^n^, where we choose i/'(4160) and i^(4415) as interme- 
diate charmonia. Thus, there exists an interference effect from 
the above two production mechanisms for e^e" — > Jjij/ji^n^ . 
In this work, we study whether such interference effect can 
produce the line shape of 7(4260) in the J/i/ztt^tt^ invariant 
mass spectrum of the e^e" — » J/t/zTT^n^ process. 

The theoretical line shape and the comparison with experi- 
mental data [1] (see Figs. [3]|4]l show that the 7(4260) structure 
can be reproduced by the interference effect proposed in this 
work, where the intermediate charmonia (/'(4160) and )/'(4415) 
play an important role in forming the 7(4260) structure. Thus, 
the nonresonant explanation for the 7(4260) structure pro- 
posed in this work is valuable to further understanding the 
7(4260) structure. The nonresonant explanation to the struc- 
ture indicates that 7(4260) is not a genuine resonance, which 
naturally answers why experiment only reported 7(4260) in 
its hidden-charm decay channel. 

In summary, at present the study of the charmoniumlike 
state X, 7, Z is an important research topic due to abundant 
experimental information, which is full of challenges and op- 
portunities. In this work, with 7(4260) as an example, we 
proposed a new approach different from conventional charmo- 
nium and exotic state explanations to explain X, 7, Z. Extend- 
ing our model to further study other charmoniumlike states X, 
7, Z is an interesting topic, especially to these X, 7, Z ob- 
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served in the hidden-charm decay channel from the e^e an- 
nihilation process ll60ll . 
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